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Supplementary Figure 1| Adjustment of growth conditions for GNR growth.
(a) Growth yield of GNRs as a function of #,. (b-d) Typical SEM image of
product after the different #, ((b) 5 sec, (¢) 15 sec, (d) 30 sec). The scale bars in
b-d show 100 nm.

Suspended GNR
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Supplementary Figure 2| Suspended structures of GNRs. Typical (a) low
(b,c¢) middle, and (d) high magnification SEM images of suspended GNRs. The
observed area in d is the same position of dashed frame in ¢. Arrows in d is the
highlight of the suspended GNR. The scale bars in a and b-d are 1 um and 100
nm, respectively.



Supplementary Figure 3| Typical SEM images of sub 10 nm narrow GNRs.
The smallest part of GNR width for (a-f) is 6.9 nm, 7.7 nm, 7.7 nm, 13.3 nm, 7.8
nm, 9.5 nm, respectively. The scale bars in a-f show 20 nm.
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Supplementary Figure 4| Polarized G-band Raman features. (a) G-band
Raman intensity mapping, (b) Raw Raman scattering spectra taken at different 5
points, (c) polar plot, and (d) intensity vs. @ plot of G-band in suspended GNRs.
The scale bar in a shows 1 um. The sign X in a corresponds to the position of

each GNR.
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Supplementary Figure 5| Edge orientation model. (a) Typical SEM image of
suspended GNR. The scale bar in a shows 20 nm. (b) Schematic illustration of
aligned zigzag edge and misaligned edge in same GNR (square region in a). The
red dotted arrow and black solid arrows in b show the direction parallel and

perpendicular to the GNR axis, respectively.
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Supplementary Figure 6| Suspended GNR device with side gate operation.
(a,b) SEM images of suspended GNR with side gate structures. The scale bars
in a,b show both 100 nm. (¢) /4—V4e curves of suspended GNR under various
Vse values (top: 15 V to bottom: 35 V). The arrows in ¢ denote the charge
neutral point for each curve.
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Supplementary Figure 7| Suspended GNRs growth with thin Ni film. (a-d)
SEM images of (a,b) suspended GNR and (c,d) graphene grown from thin Ni
film. The scale bars in a,b,d and ¢ show 250 nm and 1 um, respectively. (e)
Typical Raman scattering spectra of suspended graphene grown from thin Ni
film.

a After CVD b Afterimage processing

Supplementary Figure 8| Analysis of Ni film deformation. (a) SEM image of
Ni film after CVD. (b) SEM image of Ni film after image processing. The scale
bars in a,b show both 500 nm.
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Supplementary Figure 9| Phase diagram analysis. (a) Phase equilibria
between liquid and fcc, calculated by suspending precipitation of graphite. (b)
The calculated phase diagram near the Ni-rich part.
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Supplementary Figure 10| Stability of Ni nanobar without carbon supply.
(a) Time sequence of annealing experiment. (b-h) Typical SEM images of Ni
nanobar after the annealing at different temperature conditions. The scale bars in
b-h show 200 nm.



Supplementary Figure 11| Comparison of Ni nanoparticle formed by
thermal and plasma CVD. SEM images of Ni nanoparticles formed by (a)
thermal CVD and (b) plasma CVD. Inset shows low-magnification images. The

scale bars in a,b and their inset show 400 nm and 5 pm, respectively.
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Supplementary Figure 12| Methodology of molecular dynamics
simulation. (a) Initial configuration of molecular dynamics simulation. Blue,
yellow, and red atoms represent Ni, Si, and O, respectively. (b) Definition of
the contact angle of a droplet on the substrate assuming its shape was a sphere.
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Supplementary Figure 13| Estimation of contact angle of Ni by molecular
dynamics simulation. (a-e) Snapshots of atomic configuration of Ni
nanoparticle after 100 ps calculation from five replicate calculations. (f) Time
evolution of estimated values of contact angle of Ni nanoparticle on SiO,
surface. Different colors represent different replicate calculations.
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Supplementary Figure 14| Temperature dependence of contact angle.
Snapshots of atomic configuration of Ni nanoparticle after 100 ps calculation for
(@ 1700 and (b) 1800 K. (c) Estimated values of contact angle of Ni
nanoparticles on SiO; substrate at various temperatures.
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Supplementary Figure 15| I" vs Ohy plot. The theoretical /-Ohy curve was
traced from the datashown in ref[16]. The square region denotes the calculated
region of Ni nanobar used in this experiment. The blue dotted line at Ohg = 0.1
corresponds to the border between end pinching and P-R instability. Theoretical

curve shows the border between stable and unstable state.
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Supplementary Figure 16] GNR length histogram. Histogram of GNR
length grown from 20 nm width of Ni nanobar. The dotted red line is the
highlight of position of GNR Length = 80-100 nm, where the GNR length
reaches to the threshold length (9.02 Ry).
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Supplementary Figurel7| Formation model of suspended GNRs. (a-c)
Schematic illustration of Ni nanobar liquid after the segregation of GNRs.
(d-e) (d,f,g) x-z plane image and (e) y-z plane image of Ni nanobar. (d,f,g)
The morphology change of Ni nanobar with different Ni nanobar length (Lxy)
(d: long, f: middle, g: short, volume of Ni nanobar is constant). (h) Plot of
normalized surface to volume ratio and height of Ni nanobar (%) as a function

of L. The (i) and (ii) in h correspond to that shown in b and ¢, respectively.



Supplementary Note 1. Adjustment of growth conditions for GNR synthesis

The growth conditions of GNRs was systematically adjusted by changing
various parameters. Supplementary Figure 1 shows the plasma irradiation time (tp)
dependence, which is the most sensitive growth condition. The growth yield of GNRs
can be high over 90% only around the specific t, region, indicating the precise tuning of
growth condition is important for the high yield synthesis of suspended GNRs with this
method.

Supplementary Note 2. Analysis of suspended structure of GNRs

The suspended structures of GNRs was carefully analyzed with high resolution
SEM. Supplementary Figure 2a and b,c show the low and middle magnification SEM
image of GNRs array. In the high magnification image of GNR near the contact region
with Ni electrode (Supplementary Figure 2d), the suspended structure of GNRs can be
clearly observed, indicating suspended GNRs can be grown with this method.

Supplementary Note 3. Sub 10 nm narrow GNRs

The narrow GNR synthesis can be realized with suitable growth conditions.
Supplementary Figure 3 shows typical SEM images of suspended GNR with sub 10 nm
width. All of them show relatively straight and uniform color contrast image, may
indicate the clean and high quality GNRs.

Supplementary Note 4. Polarized Raman measurement of GNRs

The polarized Raman features can be also observed for G-band peak.
Supplementary Figure 4a, b, and ¢ shows the intensity mapping, raw Raman scattering
spectra, and polar plot of G-band intensity with parallel polarization (lg;), respectively.
Periodic oscillation of Ig can also be observed for polarization angle 6, which can be
fitted by cos’@ function (Supplementary Figure 4d). This periodic oscillation is
consistent with the previous report [1, 2].



It is known that the Ip, over Ip, can be used as an indicator for the edge
roughness of graphene. The higher I, over Ip ratio corresponds smoother edge. This
correlation can be mainly caused by the component of I | . The existence of disordered
segments and microscopic misaligned segments can significantly increase Ip, and
hence lower the I, over Ip | [1, 3-5]. The value of I, over Ip | in our GNRs is relatively

lower than that of the previously reported value [1], which can be explained as follows.

If the disordered segments on the edge of GNRs is the critical reason for the
lower Ip, over Ip, the Ip should be independent of the polarized angle €, which is
inconsistent with our result, where periodic oscillation of /p against to the € can be
appeared (Fig. 3c). Also, the ratio of Ip, over Ig, should become large for such
disordered edges. This is also inconsistent with our result (low Ip, over Ig;). These
show that the edge of GNRs grown by our method should be at least smoother than that
of lithographically etched GNRs, which is known as the rough edge structures. Then,
the possible two reasons can be given for the lower Ip;, over Ip, in our sample even

with the preferential near zigzag edge structures.

The first one is microscopic misalignment of edges. GNRs grown in our study
has well aligned structures between Ni electrode as can be seen in Fig. 2d and e.
However, it is very difficult to identify the microscopic alignment with atomic
resolution of GNR edge along the whole GNR edge. In our GNRs, the width of GNR
near the contact region of Ni can be slightly larger than the middle region, indicating the
width of GNR changed along the same GNR (Supplementary Figure 5a). This show the
alignment angle of zigzag edge may be partially different, which can cause the increase
of Ip , resulting in the low Ip, over Ip, (Supplementary Figure 5b). Since the Ip, in
zigzag edge is weak or null, other orientation such as armchair may be formed at such

partial misaligned regions.

The second one is amorphous carbon residue. Since we used as grown GNRs
for all of the measurements, certain amount of amorphous carbon may be existed on the
SiO, substrate, Ni surface, and on GNRs, which can be detected as non-polarized

component of D-band and it can lower the Ip, over I .

Based on these reasons, we think that the near zigzag orientation should be
dominant, which can be identified from lower Ip, over Ig,. However, microscopic
alignment angle of the near zigzag edge can be varied depending on the position of

same GNR. Certain amount of amorphous carbon residue can be deposited on the



sample during the CVD process. These can be the reason for the relatively low Ip, over

Ip, in our GNR sample.

Supplementary Note 5. Suspended GNR transistor with side gate operation

The side gate operation of suspended GNRs can be observed in other devices.
Supplementary Figure 6a and b shows a typical scanning electron microscopy (SEM)
image of a suspended GNR field effect transistor (FET) with side gate structures. The
width of the GNR is about 37 nm. The charge neutral point in the source—drain current
(lgs) vs. back gate bias voltage (Vpe) curve can be modulated by the side gate bias
voltage (V) (Supplementary Figure 6¢), indicating that a locally addressable suspended

FET can be fabricated, just as in the results shown in the main text (Fig. 4).

Supplementary Note 6. GNR synthesis from Ni thin film

The suspended GNR and graphene synthesis could also be realized using a thin
(approximately 80 nm) Ni film. The suspended structures of the GNR (Supplementary
Figure 7a and b) and graphene (Supplementary Figure 7c and d) were grown using the
method discussed in the main text. The typical Raman scattering spectra
(Supplementary Figure 7e) also showed the synthesis of monolayer graphene with the

suspended structures.

Supplementary Note 7. Analysis of Ni film deformation

An estimation of the depression rate of the surface coverage of Ni ( 4 Sn;) was carried
out using a combination of SEM measurement and automated data analysis with image
processing. The SEM image of the Ni thin film after CVD showed deformed
particle-like shapes, as shown in Supplementary Figure 8a. The SEM image could be
converted into a black and white color image (Supplementary Figure 8b), which made it
possible to estimate the quantitative areas of the white (Ni) and black (Si0,) regions. An
accurate 4 Sy; value could be estimated using the areas of the white regions before and
after the CVD.



Supplementary Note 8. Phase diagram calculation

The phase diagram of the Ni-C binary system consists of a simple eutectic
reaction with two terminal phases, fcc-Ni and graphite [6]. A thermodynamic
assessment of this system was carried out by Guillermet based on the CALPHAD
method [7]. In this study, the phase diagram was calculated using the model of Ref. [7],
which is explained below.

The phase equilibria of this system can be described by the Gibbs energies for
the liquid, fcc, and graphite phases. The regular solution model was applied to the liquid
phase. The molar Gibbs energy of the liquid phase G is expressed as follows:

G = X G 1 x (G2 1+ RT (X, In X + X I X¢)
+ XX D LN (Xe = Xpi)' s (Supplementary Equation 1)

where x; with i = Ni and C are the mole fractions of Ni and C, respectively; R is the gas
constant; and T is the temperature. G;>""" js the Gibbs energy function for the pure

element i in the liquid phase, which was taken from the SGTE database [8], and L¢'y"
is the vI" Redlich-Kister parameter.

The fcc phase was modeled using a two sublattice model, the formula of which
is given as Ni(C,Va), where Va represents the vacancy. The Gibbs energy of this phase
per mole of formula G* is then given by

G;Cc = yCGltlclcC + yVaGltlcic:Va + RT (yC In yC + yVﬁ In yVa)

+YeYni 2 Licva (Vi = Vv ) (Supplementary Equation 2)

v

where yc and yy, are the site fractions of C and the vacancy, respectively, on the second

sublattice. Gf°,, is the Gibbs energy function for Ni in the fcc phase, and it was taken

from the SGTE database [8]. G[°. is the Gibbs energy for a fictitious compound, and



Lieve is the v interaction parameter between C and the vacancy on the second

sublattice. No solubility was taken into account for the graphite phase, and the SGTE
database [8] was employed to describe the thermodynamic state of the graphite. All of
the other parameters described above were reported in Ref. [7].

The phase diagram was calculated on the basis of the common tangent rule using the
above-mentioned Gibbs energies. The calculated phase-diagrams are shown in
Supplementary Figure 9. The dashed lines in Supplementary Figure 9a and b indicate
the phase boundaries between the liquid and fcc, which were calculated by suspending
the precipitation of the graphite.

Note that these Gibbs energy models, and thus the calculated phase diagram,
can be applied only to the discussion for the bulk states. As described in the main text,
the nanoscale effect, i.e., capillary effect, should not be negligible for the description of
the thermodynamic state of the nanobar. Although the CALPHAD method has been
extended to deal with the phase equilibria for a nanoparticle by including the surface
energy contribution [9], the present discussion is based on thermodynamic states for the
bulk states because of a lack of the information required to calculate the surface energy
contribution. According to the Monte Carlo study on the phase equilibria of Ni-C
nanoclusters, the qualitative trend of phase equilibria in Ni-rich part is quite similar to
those of the bulk states [10]. Hence, the phase diagram shown in Supplementary Figure
9 carries qualitative information, which is sufficient for the present purpose.

Supplementary Note 9. Ni hanobar after annealing without carbon supply

Simple annealing under various temperature conditions (550~900 °C) was
carried out using Ni nanobar structures (Supplementary Figure 10). The annealing was
performed under the Ar atmosphere with 250 Pa, which is same with that of CVD. The
Ni nanobar structures could not be observed after the annealing over 600 °C, indicating
that the Ni nanobar should have been partially melted and dewetted. Although this
temperature (600 °C) is lower than the melting point of bulk Ni crystal (approximately
1455 °C), this result can be explained by the nanoscale effect, where the melting point

can decrease by several hundred degrees compared with the bulk crystal.



Supplementary Note 10. Comparison of Ni nanoparticles fabricated by thermal
CVD and plasma CVD

The wettability of Ni nanoparticles after thermal (Supplementary Figure 11a)
and plasma CVDs (Supplementary Figure 11b) was analyzed using conventional and
tilted SEM measurements. The contact angles of Ni nanoparticles after the thermal and

plasma CVDs clearly differed, as discussed in the main text (Fig. 6b and c).

Supplementary Note 11. Molecular dynamics simulation of Ni nanoparticle on
SiO, substrate

Classical molecular dynamics simulations were performed to investigate the
wettability of a Ni nanoparticle on a SiO, substrate using MS ForcitePlus in Materials
Studio 8.0 [11]. The Condensed Phase Optimized Molecular Potentials for Atomic
Simulation Studies Il (COMPASS II) was employed for the interatomic potential [12,
13]. The cutoff distance for short-range interactions was set to 12.5 A. The Coulomb
interactions were calculated using the Ewald method. The velocity Verlet algorithm was
used to integrate the classical equation of motion with a time step of 2.0 fs. A Nose
thermostat was applied to control the temperature. Supplementary Figure 12a shows the
initial configuration of the calculation system, which was prepared as follows. First, a
liquid droplet of Ni were prepared by heating fcc Ni crystals with 4394 atoms (13 x 13
x 13 unit cells) for 300 ps at 1600 K. The obtained liquid Ni droplet was placed onto the
(110) surface of SiO, consisting of 3420 Si and 6384 O atoms. Geometric optimization
was carried out in advance of the main calculations by performing a complex
calculation involving the steepest descent and conjugate gradient methods with a total
of 5000 steps. From the obtained initial configuration, the main calculation was
performed during 100 ps at 1600 ps. The bottom layer of SiO, was fixed during the
main calculation. Five replicate calculations were performed to gather statistics.

The data obtained from last 50 ps were used to estimate the contact angle of the
Ni nanoparticle. The contact angle was estimated on the assumption that the surface of
the droplet was spherical [14, 15]. As defined in Supplementary Figure 12b, the contact
angle a was determined from the radius R and height of the center of the droplet h as
follows:

cosa = —%. (Supplementary Equation 3)



Here, R and h were estimated from the height of the droplet x; and the radius of the
cross-sectional circle at the bottom of the droplet x; as follows:

X2 + X3 -
R= % (Supplementary Equation 4)
X
xZ —x3 -
h= 12 2 (Supplementary Equation 5)
Xy

Therefore, a can be determined from x; and X, as follows:

2 2
a= cos‘l[%] : (Supplementary Equation 6)
X2+ X

Supplementary Figure 13a-e shows snapshots of the atomic configuration of Ni
nanoparticles at 100 ps from replicate calculations. There was no significant difference
in the structures of the Ni nanoparticles among the five replicate calculations. It is
obvious from the snapshots that the Ni nanoparticle is hydrophobic on the SiO,
substrate, with a contact angle larger than 90°. Supplementary Figure 13f shows the
time evolution of the contact angle of the Ni particle on the SiO; surface from the five
replicate calculations. It was found that the contact angle converged at around 140°
during the latter half of all five replicate calculations. The contact angle average over
time is shown in Fig. 6g. The contact angle was finally estimated to be 138. 93 + 1.2°.

Moreover, the temperature effect on the contact angle of the Ni nanoparticle on
the SiO, substrate was investigated by further calculations for 1600 and 1700 K.
Supplementary Figure 14a and b shows snapshots of the atomic configurations of Ni
nanoparticles at 100 ps from the calculations for 1700 and 1800 K. The estimated values
of the contact angles of these nanoparticles are summarized in Supplementary Figure
14c. The values for 1600 K are also plotted for comparison. There is no significant
difference in the snapshots and estimated values of the contact angle among the cases
for 1600 and 1800 K. Therefore, it was concluded that the contact angle had no
temperature dependence in the examined temperature range.

Supplementary Note 12. Plateau-Rayleight instability

Supplementary Figure 15 shows the 7 vs Ohg plot. The original plot was
reported in ref [16]. We added the square region in this Supplementary Figure 15,



denoting the Ni nanobar region used in our experiment. Since Ol of Ni nanobar is over
0.1 (0.215-0.34), the dominant breaking mechanism of Ni nanobar should be P-R
instability.

The distribution of GNR length was measured over 40 GNRs (Supplementary
Figure 16). The almost all of GNR length is longer than 80-100 nm, which is very close
to the threshold length (90.2 nm) calculated with the equation for Plateau-Rayleight
instability [17].

Supplementary Note 13. Growth model of suspended GNRs

The surface to volume ratio was calculated for the Ni nanobar with same
geometry used in the experiment (Supplementary Figure 17). It is found that the surface
to volume ratio decrease about 64% (Supplementary Figure 17h) by changing the
morphology from just after the breaking of Ni nanobar (Supplementary Figure 17 b,d)
to particle like shape (Supplementary Figure 17c,g). This show the morphology change
of Ni nanobar after the segregation of GNRs is possible to satisfy the minimum surface

energy, resulting in the formation of suspended GNR between Ni electrodes.
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